From sequence divergence of 16S rRNA genes and the internally transcribed spacer (ITS) region it is reported that variation in phylogenetic placement exists among the 17 different serotype strains of Bradyrhizobium that have been isolated from nodules of soybean. Evolutionary relationships among the bradyrhizobia were more resolved using reconstructions derived from ITS than from 16S rRNA gene sequence divergence. Strain USDA 129 was placed together with USDA 62, 110, 122 and 126, but did not cluster with USDA 123 and 127, with which it shares antigenic determinants. The results from the phylogenetic analysis were supported with data from determinations of genetic diversity among additional strains within each of these serogroups using amplified fragment length polymorphism analysis. From these results it was concluded that strains of serogroup 129 were more similar to strains of serogroups 62, 110 and 122 than they were to strains of serogroups 123 and 127. The serotype strain of Bradyrhizobium japonicum USDA 135 and the type strain for Bradyrhizobium liaoningense possessed identical 16S rRNA gene and ITS region sequences. Also, the type strain for B. liaoningense cross-reacted with antisera prepared against somatic antigens of USDA 135. Therefore, it was not possible to distinguish B. liaoningense from serogroup 135 in our analysis of B. japonicum and Bradyrhizobium elkanii.
INTRODUCTION
Traditional classification schemes of living organisms rely upon variation in morphological characters and a fossil record. Since there are only few useful morphological characters for rhizobia, classification schemes based on variation in genetic characters are often more informative than schemes based on phenotypic variation. An advantage of this approach is that DNA sequences and gene products can be compared The GenBank accession numbers for the ITS region sequences of strains USDA 122, 123, 124, 125, 126, 127, 129, 130, 135, 31, 3622 T (Bradyrhizobium liaoningense), 38, 4, 46, 62 and 94 are AF208503-AF208518, respectively. The GenBank accession numbers U35000 and U69638 were modified to reflect the sequencing results obtained with strains USDA 76 T and 6 T , respectively.
in an evolutionary context (molecular systematics). Usually evolutionary history (or phylogeny) is then represented as a bifurcating hierarchical tree. It has become acceptable to reconstruct such evolutionary relationships among bacteria from data of sequence divergence among their 16S rRNA genes (Maidak et al., 1994) .
Published investigations of evolutionary relationships and genetic diversity in rhizobia has been focused more on the genera Rhizobium, Sinorhizobium and Mesorhizobium rather than Bradyrhizobium. Most reported data of diversity in Bradyrhizobium are centred on the symbionts of soybean. Initially, Bradyrhizobium (Rhizobium) japonicum was the only recognized species (Fred et al., 1932 ; Jordan, 1982) . Later, Hollis et al. (1981) separated B. japonicum into three DNA homology groups, which stimulated Kuykendall et al. (1992) (Date & Decker, 1965) . The soybean-nodulating bradyrhizobia exhibit a high degree of serological specificity with polyclonal antibodies prepared against somatic antigens, a property that has been extensively used in the study of the symbiosis and the ecology of bacteria (Boonkerd et al., 1978 ; Berg et al., 1988 ; Caldwell, 1969 ; Caldwell & Hartwig, 1970 ; Caldwell & Vest, 1968 ; Caldwell & Weber, 1970 ; Cregan & Keyser, 1986 ; Damirgi et al., 1967 ; Ellis et al., 1984 ; Fuhrmann, 1990 ; Ham et al., 1971 ; Johnson et al., 1965 ; Kapusta & Rouwenhorst 1973 ; Keyser & Cregan, 1987 ; Kvien et al., 1981 ; Means et al., 1964 ; Mpepereki & Wollum, 1991 ; Schmidt et al., 1968 ; Thompson et al., 1991 ; Vest et al., 1971 ; Weber et al., 1989) . The variation in serological specificity may indicate that the soybean bradyrhizobia are genetically more diverse than would be apparent solely from the two type strains. Therefore, the comparisons that were made which led to the proposal of Bradyrhizobium liaoningense (Xu et al., 1995) as a third species nodulating soybean may have been limited. Similarly, the phylogenetic placement of the bradyrhizobia of Lupinus spp. (Barrera et al., 1997) , Acacia albida (Dupuy et al., 1994) , Glycine max (Ando & Yokoyama, 1999) and Aeschynomene spp. (Wong et al., 1994 ; Molouba et al., 1999) was relative to only a few soybean type strains.
A problem with the investigation of the evolutionary relationships among the bradyrhizobia is the apparent limited sequence divergence of their 16S rRNA genes. This also is a problem in determinations of phylogeny among eukaryotic micro-organisms where sequence divergence of the 18S rRNA gene is limited and where it has become acceptable to reconstruct evolutionary relationships from internally transcribed spacer (ITS) region sequence divergence (Hillis & Dixon, 1991) . Similarly, Yoon et al. (1997) resolved some issues of classification in actinomycete species of Saccharomonospora by sequence analysis of the ITS region. Therefore, sequence divergence of the ITS regions in Bradyrhizobium similarly may be more informative than those of the 16S rRNA gene.
The objective of our study was to reconstruct the evolutionary relationships among the 17 serotype strains of the soybean bradyrhizobia, which included the type strains of B. japonicum (USDA 6 T , serogroup 6) and B. elkanii (USDA 76 T , serogroup 76). We also included the type strain of B. liaoningense in our reconstructions (2281 T l USDA 3622 T ) for comparison. Finally, we compared reconstructions of phylogeny from sequence divergence of the 16S rRNA genes and ITS regions.
METHODS
Bacterial strains. The soybean bradyrhizobial strains used in this study were obtained from the USDA ARS National Rhizobium Germplasm Collection maintained in Beltsville, MD, USA. Most were originally isolated by the USDA and originated predominantly from soils in the USA ( Growth of the bacteria and DNA isolation. Bradyrhizobia were grown in 50 ml modified arabinose gluconate (MAG) broth (van Berkum, 1990) for the large-scale isolation of DNA purified by CsCl density centrifugation (Navarro et al., 1993) . Culture volumes of 5 ml MAG broth were used for small-scale DNA isolations using a Tissue and Blood DNA Extraction kit (Qiagen) to prepare samples for amplified fragment length polymorphism (AFLP) analysis. Concentrations of DNA in solution were measured spectrophotometrically at 260 nm by using a Gilford Response Spectrophotometer.
AFLP analysis. The single restriction enzyme (PstI) method described by Mueller et al. (1996) was used to determine genome similarities among strains belonging to serogroups 62, 110, 122, 123, 127 and 129 . Initial PCR amplifications were done by selecting for the single base with primer-A (the oligonucleotide with homology to the adapter sequences with a single selection base ' A ' at the 3h end). The products were subsequently used in a second PCR reaction as templates by selecting for three bases using primer-ACA, primer-ACG or primer-ACC. The resulting PCR products (2 µl) were separated on 1 % horizontal agarose gels containing 0n5 µg ethidium bromide ml V " using 0n5i TBE buffer (van Berkum, 1990) . The gels were photographed using Kodak Tri-X pan film and the negatives were scanned into a computer for data analysis. The presence or absence of bands across lanes were scored using the software package Proscore version 2.39 (DNA Proscan). The data from the three primers were combined to produce a matrix of 2000 (50 bands for 40 strains) data points. The matrix was imported into - version 1.6 (Exeter Software) to derive simple matching coefficients across lanes and for clustering analysis using the UPGMA method to generate a similarity tree.
PCR amplification and sequencing analysis. We designed new primers for the amplification of the 16S rRNA gene locus because we observed that PCR with primers f D1 and rD1 (Weisburg et al., 1991) sometimes failed or produced multiple bands. We determined by computer analysis using Oligo (National Biosciences) that the unsatisfactory amplification of the 16S rRNA gene with primers f D1 and rD1 probably resulted from the poor internal stability of these primers which may lead to false priming. The new primers (Table 2 ) have improved internal stability to minimize false priming. The 16S rRNA genes were amplified in 120 µl volumes as described previously (van Berkum et al., 1996) with the exception of the primers and the PCR buffer, which was 60 mM Tris\HCl, 15 mM (NH % ) # SO % , 3n5 mM MgCl # , pH 9n0. The primers (450 and 1440) used to amplify the ITS region (Table 2) are located in conserved regions of the 3h end of the 16S rRNA gene and the 5h end of the 23S rRNA gene. The PCR products generated with this primer pair also contained the intervening region Kordes et al., 1994 ; Lessie, 1965 ; Mackay et al., 1979 ; Marrs & Kaplan, 1970 ; Schuch & Loening, 1975 ; Selenska-Pobell & Evguenieva-Hackenberg, were used for sequencing the purified PCR products as described previously (van Berkum et al., 1996) . The primer sequences used to sequence the ITS region are listed in Table 2 . Analysis of the sequence data. The sequences were aligned using the  program in the Wisconsin package of the Genetics Computer Group (Madison, WI, USA). Aligned sequences were analysed using the Molecular Evolutionary Genetics Analysis () package version 1.01 (Kumar et al., 1993) , which was also used to generate bootstrap confidence values using 500 permutations of the data sets and to derive the nucleotide sequence similarities. Serology. Somatic serological reactions were determined by an ELISA (Fuhrmann & Wollum, 1985) using heat-treated whole cells and polyclonal antisera produced in rabbits against the serotype strains (Vincent, 1970) . Cells were cultured in 4 ml yeast extract mannitol (YEM) broth (Weaver & Frederick, 1982) for 7-10 d at 28 mC, steamed at 100 mC for 20 min and diluted with 0n85 % NaCl to an A '!! of approximately 0n2. The ELISA was performed as described by Fuhrmann & Wollum(1985) and the final absorbance of each well was measured at 405 nm using an automated microplate reader (model ELx800 ; Bio-Tek Instruments).
RESULTS
The magnitude of the 16S rRNA gene sequence divergence among the serotype strains B. japonicum, B. elkanii and B. liaoningense was limited and in many cases was insufficient to distinguish their phylogenetic placement (Fig. 1) . The mean nucleotide variation 1 . Evolutionary relationships among the serotype strains of the soybean bradyrhizobia based upon aligned sequences of 16S rDNA genes. The length of the aligned sequences was 1494 bases. Jukes-Cantor distances were derived from the aligned sequences to construct an unrooted tree using the neighbourjoining method. The sequences were aligned using the PILEUP program in the Wisconsin package of the Genetics Computer Group and the aligned sequences were analysed using the MEGA package version 1.01 (Kumar et al., 1993) . Five hundred permutations of the data set were generated in a bootstrap analysis to derive a majority rule consensus tree. The levels of support for the presence of nodes above a value of 90 % are indicated. The sequence for USDA 110 was obtained from GenBank (accession no. Z35330). between the type strain of B. japonicum (USDA 6 T ) and the serotype strains belonging to B. elkanii was 22 differences. This compared with a difference of 3 nucleotides between the type strains for B. japonicum and B. liaoningense, which was at least threefold less than the difference among the majority of the serotype strains of B. japonicum. Reconstruction of evolutionary history from 16S rRNA gene sequence divergence separated the soybean bradyrhizobia into three groups supported with high confidence values from bootstrap analysis (Fig. 1) Xu et al. (1995) and this same region in our analysis differed by 3 bases. The authenticity of our culture as the type strain for B. liaoningense cannot be questioned based on this difference, because our sequence and that of another partial 16S rRNA gene sequence for B. liaoningense (GenBank accession no. AB029402) independently deposited in GenBank are identical.
IP
Evolutionary relationships among the soybean bradyrhizobia were more resolved when reconstructions were made using sequence divergence of the ITS regions between the 16S and the 23S rRNA genes (Fig.  2) . We demonstrated by sequencing analysis that the reason for the higher resolution was because the ITS region in bradyrhizobia is less conserved than the 16S rRNA genes. Similarly, the ITS region in the genus Saccharomonospora is less conserved than the ribosomal genes, permitting some issues of classification among closely related species to be resolved (Yoon et al., 1997) . In our case, in reconstructions generated from ITS region sequences, we distinguished five groups among the soybean bradyrhizobia supported with high confidence values from bootstrap analysis. Two serotype strains of B. japonicum (USDA 124 and 4) were not placed in a cluster with other serotype strains. The type strain (USDA 76 T ) together with the four remaining serotype strains of B. elkanii formed a separate cluster. The most divergent B. elkanii serotype strain was USDA 94. B. japonicum USDA 6 T was placed in a cluster together with USDA 38 and was separated from the other serotype strains of B. japonicum and from B. liaoningense. The mean nucleotide variation between B. japonicum USDA 6 T and the serotype strains belonging to B. elkanii was 86 differences. The nucleotide differences between the ITS regions of B. japonicum USDA 6 T and USDA 124, 4 and the clusters containing USDA 110 or 135 were P. van Berkum and J. J. Fuhrmann similar and ranged from 57 to 48 nt. The ITS sequences of the serotype strain USDA 135 and B. liaoningense were identical. Also, B. liaoningense cross-reacted with anti-sera prepared against somatic cells of USDA 135. The sequence divergence between the ITS regions of USDA 123, 127, 38 and B. japonicum USDA 6 T was similar and ranged from 25 to 29 nt differences. The serotype strain USDA 129 was placed in a cluster separate from USDA 123 and 127, which supported the observation with the 16S rRNA genes.
The separation of the 129 serogroup from the 123 and the 127 serogroups was further supported by results from AFLP analyses (Fig. 3) . The genomes of 129 serogroup strains were more similar to the genomes of 62, 110 and 122 serogroup strains than they were to the genomes of 123 and 127 serogroup strains. The strains belonging to serogroups 129, 110, 62 and 122 formed distinct clusters, but strains belonging to serogroups 123 and 127 were intermixed (Fig. 3) .
Across the entire region sequenced (16S rRNA genes and the ITS regions) the nucleotide similarity between B. japonicum and B. elkanii was 96n3 %. Between B. japonicum and B. liaoningense the similarity was 98n3% compared with 98n1 % between B. japonicum strains USDA 6 T and USDA 110.
DISCUSSION
Even though the serogroups among the soybean bradyrhizobia are distinct (Date & Decker, 1965) , a reconstruction of the evolutionary relationships among the type strains representing each serogroup has not been reported. Here we demonstrate that variation in phylogenetic placement exists among the different serotype strains of Bradyrhizobium that have been isolated from nodules of soybean. From sequence data of both the 16S rRNA genes and the ITS regions, a high confidence value was obtained from bootstrap analysis for the distinct placement of the five strains of B. elkanii from the 12 strains of B. japonicum. Also, we obtained high confidence values from bootstrap analysis of the data separating seven serotype strains of B. japonicum, including USDA 110, from the type strain of the species, USDA 6 T . We emphasize that this result does not necessarily support the separate speciation of these strains and USDA 6 T . However, this distinction is of relevance because USDA 110 and USDA 122 are extensively used to represent B. japonicum in other studies. We would conclude from our data that the possibility exists that these two strains need not necessarily be representative of B. japonicum in each case.
In both of our phylogenetic reconstructions, the serotype strain USDA 129 was distinct from USDA 123 and 127 even though these three strains have been grouped together in the 123 serocluster based on crossreaction with antisera prepared against USDA 123 (Schmidt et al., 1986) . Phylogenetic separation of USDA 129 from USDA 123 and 127 was supported by results from an analysis for genome similarities among additional strains belonging to these three serogroups. The genomes of the 129 serogroup strains were distinct from those of the 123 and 127 serogroup strains. Distinct nif hybridization patterns and total protein profiles (Sadowsky et al., 1987) provide further evidence separating the 129 serogroup from the 123 and 127 serogroups. From both the phylogenetic reconstruction and the investigation for genetic diversity we concluded that the 129 serogroup is more similar to serogroups 62, 110, 122 and 126 than to serogroups 123 and 127. Our conclusion is supported by Graham et al. (1995) From our data it may be possible to consider strains of serogroup 135 as B. liaoningense rather than B. japonicum. However, such an opinion would require compelling evidence in support of the separate speciation of serogroup 135 from B. japonicum. Also, the consideration of serogroup 135 as a species distinct from B. japonicum while maintaining serogroup 110 as a species of B. japonicum would be inconsistent. Serogroups 110 and 6 are distinguishable by DNA homology (Hollis et al., 1981) , by fatty acid methyl ester analyses (Graham et al., 1995) , by serology (Date & Decker, 1965) and, as we report, by 16S rRNA gene and ITS region sequences.
It has become customary to define species limits among the rhizobia by low DNA homology values and this criterion was used as the predominant evidence in support for the proposal of B. liaoningense as a species distinct from B. japonicum and B. elkanii (Xu et al., 1995) . Although DNA homology has become widely used to define species limits in rhizobia, it is important to consider that this practice has received criticism based upon interpretation of results. Maynard Smith (1995) suggested that the use of DNA homology to define bacterial species limits is without merit because arbitrary divisions are placed upon a continuum of values. Furthermore, the reliability of the method is unclear because DNA homology ranges of 9-100 %, 16-109 % and 31-104 % among strains within each of the species Rhizobium leguminosarum bv. viceae, R. leguminosarum bv. trifolii and Sinorhizobium meliloti, respectively, were obtained by Scholla et al. (1990) , Soybean bradyrhizobial phylogeny presumably working under identical conditions in the same laboratory. Also, based on results of multilocus gel electrophoresis, van placed the isolate USDA 1877 from Medicago ruthenica within Rhizobium mongolense, even though it shared only 21 % DNA homology with the type strain of the species. Clearly the value of DNA homology data for defining species boundaries sometimes may be in question. Therefore, a comprehensive and polyphasic study of the soybean bradyrhizobia using many strains is required for defining more reliably the species limits of bradyrhizobia originating from the nodules of soybean and, consequently, we suggest that the 135 serogroup should continue at this time to be considered as a member of B. japonicum.
